Casein was employed for the first time as a green carbon source to prepare water-soluble sulfur and nitrogen co-doped carbon dots (S,N-CDs). The as-synthesized S,N-CDs were characterized by transmission electron microscopy, X-ray photoelectron spectroscopy, UV-Vis absorption spectroscopy, and fluorescence spectroscopy. Results showed that the as-prepared S,N-CDs had excellent stabilities under various external conditions, such as high ionic strength, different pH levels, UV light irradiation, and long storage duration. More importantly, we found that doxycycline (Dox) could result in an effective fluorescence quenching of S,N-CDs via a static quenching process. Thus, a sensitive and selective sensing system for Dox detection was developed. The linear range was 1.0 Â 10 À7 M to 1.0 Â 10 À4 M, and the detection limit was 25 nm. Furthermore, the proposed sensing system successfully detected Dox in raw milk samples. This research will demonstrate the feasibility and potential applications of carbon nanomaterials in food and medical monitoring fields.
Introduction
Doxycycline (Dox), a tetracycline (Tet) antibiotic, is extensively used to treat many infections, such as chronic prostatitis, respiratory tract infections, sinusitis, and sexually transmitted diseases. 1, 2 Dox is also applied in agriculture, forestry, animal husbandry, and aquaculture as a fertilizer or animal food supplement because of its extensive antibacterial ability. 3 However, Dox overuse may lead to serious environmental and food contamination, resulting in considerable risk to human health. 4 Dox residues mainly exist in our daily food products, such as milk and honey. 5, 6 In worst-case scenarios, long-term and repeated intake of Dox affects the growth and formation of teeth. Therefore, the detection of Dox residues is important. In the past years, many analytical methods have been used to detect Dox, such as high-performance liquid chromatography, 7-9 electroluminescent molecularly imprinted polymer membranes, 10 spectrouorimetry, 11 electrochemistry, 12 immunosorbent assay, 13 liquid chromatography-ultraviolet, and liquid chromatography-mass spectrometry. 14 However, these methods require complicated sample pretreatment, expensive apparatus, and costly operation, limiting practical Dox detection in many elds. Thus, it is necessary to develop an alternative method for Dox detection with high sensitivity, selectivity, and convenience.
In recent years, considerable effort has been devoted to explore uorescent probes with high selectivity and sensitivity for rapid analytical detection. Several carbonaceous nanomaterials, such as carbon nanotubes, graphene, fullerene and carbon quantum dots (CDs), have attracted extensive research interest. [15] [16] [17] [18] In comparison, CDs and functionalized CDs nanomaterials have exhibited great promise in designing uorescent sensors and tuning uorescence, due to low toxicity, low cost, low photobleaching, good aqueous solubility and excellent biocompatibility. 19 For instance, Yang et al. realized the detection of tetracycline antibiotics by using uorescent carbon nanoparticles prepared from a mixture of L-cysteine, diphosphorus pentoxide, and water. 20 Subsequently, Yang et al. reported that CDs derived from rose owers also successfully detected tetracycline antibiotics. 21 However, Yang's results demonstrated that not only Dox can induce uorescence quenching of the as-synthesized nitrogen-doped CDs but also other antibiotics, such as tetracycline (Tet), oxytetracycline, aureomycin, or chlortetracycline, can induce a similar response, implying the lack of specic selectivity. Thus, nitrogen-doped CDs are not conducive to the accurate analysis of a single component in complex samples.
In this study, casein, a protein derived from mammalian milk, was employed as a green carbon source for S,N-CDs preparation. The as-obtained S,N-CDs exhibited excellent stabilities in aqueous solution under an extensive pH range (2 to 11) and high ionic strength. More importantly, the assynthesized S,N-CDs probes exhibited excellent selectivity for distinguishing Dox from other tetracycline antibiotics.
Experimental section

Materials and reagents
Dox, Tet, oxytetracycline dihydrate (Oxy), and chloramphenicol (Chl) were acquired from Aladdin Reagents Company (Shanghai, China). Casein, concentrated sulfuric acid, metal salts (Pb(NO 3 ) 2 , Cu(NO 3 ) 2 , HgCl 2 , NiSO 4 , BaCl 2 ), isoniazid, Lglutamic acid, dopamine, vitamin B 6 , and tryptophan were purchased from Beijing Chemical Reagents Factory (Beijing, China). All chemicals were analytical reagent grade and used without further purication. Ultrapure water was used throughout all experiments.
Synthesis of uorescent S,N-CDs
S,N-CDs were prepared as follows: 1 g of casein was transferred to a 250 mL one-neck ask, then, 40 mL of concentrated sulfuric acid (98%) was added. The mixture was vigorously stirred and reacted at 100 C for 2 h and diluted with 100 mL deionized water. Then, the pH was adjusted to 7.0 with NaOH solution. Aerward, 300 mL of ethanol was added to the mixture. The mixture was allowed to precipitate overnight. The supernatant was collected and centrifuged at 10 000 rpm for 10 min to remove large carbon residues. The bulk of water and ethanol was removed by rotary evaporation. Further purication was performed with a dialysis membrane (molecular weight cut off ¼ 1000) for 48 h in the dark. Finally, a dark brown solution was obtained and stored at 4 C for further characterization and use.
Characterization
Transmission electron microscopy images were taken with a JEOL JEM-2100 transmission electron microscope operating at an accelerated voltage of 200 kV. X-ray photoelectron spectra were obtained with a PHI-5400 electron spectrometer. UV-Vis absorption spectra were recorded with a Perkin-Elmer Lambda 35 UV-Vis spectrometer. Fluorescence measurements were conducted with a Cary Eclipse Fluorescence Spectrophotometer (Varian, Palo Alto, CA, USA) with a conventional 1 cm Â 1 cm quartz cell. Excitation and emission slit widths were both set at 10 nm.
Quantum yield measurements
Quantum yield of the as-synthesized S,N-CDs was measured according to the procedure described previously. 22 The reference standard was quinine sulfate in 0.1 M H 2 SO 4 (F std ¼ 0.54 at 350 nm). Quantum yield values were calculated according to the following equation:
where F is the quantum yield, I is the measured integrated emission intensity, A is the absorbance, and h is the solvent refractive index. The subscripts "std" and "x" refer to the reference standard and the tested substance, respectively.
General procedure for Dox detection
In a typical experiment, Dox solutions of different concentrations were added to 5 mL centrifuge tubes containing 100 mL of 2.85 mg mL À1 S,N-CDs solution and diluted to 3 mL with 0.01 M PBS buffer (pH 7.4). The resulting mixtures were incubated for 5 min at room temperature and transferred into quartz cuvettes to obtain the corresponding uorescence spectra.
Dox detection in raw milk
Raw milk samples were obtained from a local supermarket. Sample pretreatment was performed according to the protocol described by Le et al. 23 In a typical experiment, 4 mL of raw milk was placed in a 50 mL beaker and diluted with 10 mL water. Then, 2 mL of 10% trichloroacetic acid was added to the diluted milk. The mixture was sonicated at 20 C for 15 min and centrifuged at 13 000 rpm for 10 min to remove deposits. Supernatants were neutralized with 30% NaOH solution and centrifuged at 20 C for 10 min to remove deposits. Detection was performed with the nal supernatant in accordance with the procedure described in Section 2.4. For the recovery experiments, raw milk was spiked with Dox, pretreated, and detected in accordance with the previously presented procedure.
Results and discussion
Characterization and properties of S,N-CDs Doped CDs are well-known nanomaterials because of their enhanced physical and chemical properties. However, some synthesis methods are complicated, time-consuming, expensive, or environmentally unfriendly, which not only restrict the mass production of CDs nanomaterials but also limit their extensive application in many elds. Thus, developing a simple, environmentally friendly, and low-cost synthesis approach for doped CDs is necessary. We need select a low-cost and green carbon source containing nitrogen and sulfur as the starting materials to avoid the complicated steps in introducing nitrogen and sulfur into CDs nanomaterials. Casein, a protein derived from mammalian milk, supplies various amino acids and carbohydrates ingredient, which entirely meet the above demand as green carbon sources. As shown in Scheme 1, the synthesis of S,N-CDs was conducted by acidic oxidation of casein in concentrated sulfuric acid. Actually, amino acids and carbohydrates served as the real carbon sources in the preparation process of S,N-CDs. Fig. 1 depicts the morphology and size distribution of the assynthesized S,N-CDs. S,N-CDs are monodispersed quasi-spherical particles and have a relatively narrow size distribution range of 4.3 nm to 6.3 nm and an average diameter of 5.3 nm. The high-resolution TEM (HRTEM) images (Fig. 1B) exhibit a well-resolved lattice fringe with a lattice spacing of 0.21 nm which can be attributed to the (110) facet of graphite. 24 As shown in Fig. 1C , the size distribution of S,N-CDs conforms to a Gaussian distribution. The width at half maximum of the tted Gaussian curve was calculated as 1.23 nm, further implying that the as-synthesized S,N-CDs possess a narrow size distribution.
X-ray photoelectron spectroscopy was further performed to investigate the components of the as-synthesized S,N-CDs. As shown in Fig [25] [26] [27] In the high-resolution spectrum of O 1s (Fig. 2C) , the two main peaks corresponded to the C]O and C-OH/C-O-C groups located at approximately 531.6 and 532.5 eV. 26, 28 The N 1s spectrum exhibited three peaks at 399.7, 400.6, and 401.8 eV, which are ascribed to the C-N-C, N-(C) 3 , and N-H groups, respectively. 29, 30 The high-resolution spectrum of S 2p in Fig. 2E shows three peaks at 168.1, 168.8, and 169.8 eV, which are associated with -C-SO x -(x ¼ 2, 3, 4) species, such as sulfate or sulfonate. 31 The sulfur on the S,N-CDs may come from casein or the thermal dehydration of sulfuric acid. 32 The as-prepared S,N-CDs aqueous solution was bright yellow and transparent under visible light, but emitted strong blue uorescence under UV light (365 nm). The corresponding UV- Vis absorption and uorescence spectra are shown in Fig. 3A . The UV-Vis spectrum of S,N-CDs showed two slight absorption peaks centered at 263 and 295 nm, which was attributed to the p-p* transition of C]C and n-p* transition of C]O, respectively. 33 In the uorescence spectrum of S,N-CDs, the optimal excitation and emission wavelengths were located at 350 and 435 nm, respectively. Moreover, the emission wavelength of S,N-CDs was red shied from 400 nm to 465 nm as the excitation wavelength moved from 310 nm to 400 nm (Fig. 3B ). This excitation-dependent uorescence behavior is attributed to diverse surface states and different particle sizes, 34 which will be useful in multicolor imaging applications. With quinine sulfate as the reference standard, the uorescence quantum yield of S,N-CDs was estimated as 7.69%.
Stability of S,N-CDs
When the as-prepared S,N-CDs are used for practical applications, the materials must be stable in the ambient environment. The effects of UV lamp irradiation and storage time on the uorescence intensity of S,N-CDs were explored. Fluorescence intensity did not signicantly decrease aer 3 h under UV light irradiation (Fig. 4A ) or aer ve days of storage ( Fig. 4B ), implying excellent photostability and storage stability of the S,N-CDs. As shown in Fig. 4C , uorescence intensity remained constant with the increase in ionic strength. This characteristic is important because it is necessary for S,N-CDs to remain stable under physiological conditions during practical applications. Moreover, we also investigated the effect of pH on the stability of S,N-CDs. As shown in Fig. 4D , the as-synthesized material presented a strong and stable uorescence activity in the pH range of 2 to 11, and S,N-CDs still exhibited stable uorescence even under extreme pH conditions. These results indicate that the as-synthesized S,N-CDs are highly stable.
Dox sensing and the uorescence quenching mechanism Fig. 5A depicts the uorescence spectra of S,N-CDs in the absence and presence of Dox. S,N-CDs exhibited a strong uorescence peak at 435 nm (Fig. 5, curve a) . By contrast, Dox caused an obvious decrease in uorescence intensity, implying that Dox effectively quenched S,N-CDs uorescence. On the basis of the obvious uorescence quenching, we constructed a sensitive uorescence sensor for Dox detection. Scheme 1 presents the possible sensing principle for Dox detection.
We investigated the corresponding quenching constants at different temperatures by using the Stern-Volmer equation to understand the detailed quenching mechanism between S,N-CDs and Dox: 35
where F and F 0 are the uorescence intensities of S,N-CDs at 435 nm in the presence and absence of Dox, respectively, K SV is the Stern-Volmer quenching constant, K q is the bimolecular reaction rate constant, [Q] is the Dox concentration, and s 0 is the S,N-CDs lifetime in the absence of any quencher. In this research, s 0 of S,N-CDs was estimated as 4.8249 ns. Fig. 5B depicts the Stern-Volmer plots for the S,N-CDs/Dox system at different temperatures. The corresponding Stern-Volmer constants at different temperatures are shown in Table 1 . K SV decreased with the increase in temperature, indicating that the uorescence quenching process followed a static quenching mechanism. 35 
Analytical detection of Dox by S,N-CDs
The effect of reaction time on the uorescence quenching of S,N-CDs in the presence of Dox was further investigated to determine the optimal response time of the uorescence sensor. As shown in The selectivity of S,N-CDs toward different targets was also investigated. As depicted in Fig. 6B , Dox had a signicant quenching effect on the uorescence of S,N-CDs, whereas Tet and Oxy only had slight effects. By contrast, no signicant decrease in uorescence was observed in the presence of other target molecules, such as isoniazid, dopamine, tryptophan, vitamin B 6 , Lglutamic acid, Pb 2+ , Cu 2+ , Hg 2+ , Ni 2+ , Ba 2+ and Chl. These results indicate that the proposed assay method possesses outstanding selectivity and specicity for Dox detection. It is well known that the three antibiotics (Dox, Oxy and Tet) have a similar chemical structure ( Fig. 1S †) , however, they demonstrated a different uorescence quenching ability towards S,N-CDs. A possible explanation may be ascribed to the molecular structure of tetracycline antibiotics. According to the reported literature, 36, 37 at pH ¼ 7.4, the OH groups (the enolic site at C3, the phenolic proton at C10, or the dimethylammonium group) would be deprotonated, tetracycline antibiotics exhibited negative charges, and also bring about a "twisted" conformation. In this "twisted" conformation, Cl, C2, C3, Camide, and C4 lie above the plane of the BCD rings, and the dimethylammonium group projects away from the rest of the molecule, 36, 37 which would bring about larger steric hindrance to impede the interaction between the right part of the tetracycline antibiotics and the proper recognition sites of S,N-CDs. In addition, the OH group on C6 can be deprotonated for Tet and Oxy, it would cause strong electrostatic repulsion and decrease the chances of the interactions between S,N-CDs and Tet or Oxy. However, it was noted there is not OH group on C6 in the structure of Dox. Thus, it provides more the chances for the interactions between S,N-CDs and Dox, leading to the excellent selectivity ability for Dox. Fig. 7 shows the uorescence quenching spectra of S,N-CDs in the presence of various Dox concentrations. The uorescence intensity of S,N-CDs at 435 nm gradually decreased with the increase in Dox concentrations in the range of 0 M to 2.0 Â 10 À4 M. The inset presents the relationship between relative uorescence ratio (F 0 /F) and Dox concentration. Strong linear responses between ln(F 0 /F) and Dox concentration were obtained in the range of 1.0 Â 10 À7 M to 1.0 Â 10 À4 M (Fig. 7B) . The corresponding linear regression equation is ln(F 0 /F) ¼ 0.01568 Â C (mM) + 0.01883 (r ¼ 0.9995). The detection limit was 25 nM (S/N ¼ 3), which is comparable with the results reported in previous studies ( Table 2) .
Dox detection in food samples
We used the proposed method to detect Dox in raw milk to investigate the applicability of the as-synthesized S,N-CDs for Dox detection in real food samples. Raw milk was spiked with known quantities of Dox. Aerward, mixed samples were pretreated and analyzed according to the protocol described in Sections 2.5 and 2.6. As shown in Table 3 , the recovery rates ranged from 96.3% to 101.3%, whereas the relative standard deviations ranged from 1.42% to 3.15%, implying that the proposed detection method has good reliability and excellent accuracy. Moreover, the entire experimental process, including the sample pretreatment procedure and analysis stage, only required 1 h, indicating that our method can be used for rapid Dox detection in raw milk samples.
Conclusion
In summary, S,N-CDs with excellent stabilities were synthesized by carbonization of casein in concentrated sulfuric acid. The asprepared S,N-CDs emitted bright blue uorescence and exhibited monodispersed quasi-spherical morphology with a size distribution of 4.3 nm to 6.3 nm. Without further chemical modications, the as-synthesized S,N-CDs were successfully utilized to develop a sensitive and selective sensing system for Dox detection in raw milk samples. This research may extend the potential application of CDs nanomaterials in food and medical monitoring elds because of their low-cost and simpler synthesis procedure and their extraordinary selectivity and sensitivity. 
